Aim: Peri-implantitis (PI), inflammation around dental implants, shares characteristics with periodontitis (PD). However, PI is more difficult to control and treat, and detailed pathophysiology is unclear. We aimed to compare PI and PD progression utilizing a murine model. Results: PI showed statistically greater bone loss compared to PD at 1 and 3 months.
| INTRODUCTION
Peri-implantitis (PI) is a bacterial-induced inflammatory condition around dental implants, which leads to progressive crestal bone loss beyond the initial bone remodelling phase and can eventually lead to implant loss (Mombelli & Lang, 1998; No Authors Given, 2013) . While dental implants have become the most desirable option to replace missing teeth, 48% of implants are expected to present with some form of complication after 10-16 years, including PI (Simonis, Dufour, & Tenenbaum, 2010) . Additionally, 45% of patients present with PI; 14.5% have moderate-to-severe disease (Derks et al., 2016a) . Dental implants are projected to pose a potential financial burden of $1.2 billion, which is equivalent to the cost of 500,000 dental implants placed in the United States annually; therefore, the burden to patients and clinicians is expected to increase given that the cumulative number of implants delivered over time is increasing (Group, 2009; Sullivan, 2001 ).
While many of the pathophysiological events in PI are similar to periodontitis (PD), there are also fundamental differences between the two conditions. The alveolar bone loss observed in PI is usually *Authors contributed equally to the work. lost 360° around the implant fixture, while in PD, bone loss is usually surface specific (Schwarz -Comparison of naturally occurring and ligature-induced peri-implantitis bone defects in humans and dogs).
When PD is examined histologically, a zone of inflammation-free connective tissue appears to separate the area containing the inflammatory infiltrate from the alveolar bone, and this finding is not observed in PI .
Furthermore, disease resolution between the two conditions appears to occur at different rates. In an experimental model of ligatureinduced PI and PD performed on dogs, PD lesions tended to stabilize and presented with no further progression once the ligatures were removed from the teeth Marinello et al., 1995) .
On the other hand, PI lesions almost invariably progressed and took a longer time to arrest (Marinello et al., 1995) .
Several groups have investigated PI in animal models such as dogs, nonhuman primates and mini-pigs (Becker et al., 2011; Lindhe et al., 1992; Marinello et al., 1995; Schou et al., 2002; Schwarz, Sculean, Engebretson, Becker, & Sager, 2015; Weber, Fiorellini, Paquette, Howell, & Williams, 1994; Zechner et al., 2004) . While valuable information has been gained through these animal models, they do not offer the advantages of mice to further investigate disease pathogenesis. For example, there are large data repositories available on the mouse genome, transcriptome, proteome, and metabolome, which allows for the dissection of disease pathogenesis and also comparison of data across multiple scales. Several groups have utilized a murine model to study PI; in addition, Tzach-Nahman et al.
utilized an oral gavage model and compared PD and PI 6 weeks after the last infection (Nguyen VO et al., 2017; Tzach-Nahman, Mizraji, Shapira, Nussbaum, & Wilensky, 2017) . Therefore, given the limited knowledge available concerning PI pathophysiology, the lack of an effective protocol in treating the condition, and the similarities between PD and PI, we sought to begin to characterize differences in PI and PD disease progression (1 week, 1 and 3 months) utilizing an established experimental mouse model .
| MATERIALS AND METHODS
Four-week-old C57BL/6J male mice (The Jackson Laboratories, Bar Harbor, ME, USA) were used in the study (Animal Research Committee (Kilkenny et al., 2010) guidelines, and protocols were approved and followed.
Mice were fed a soft diet ad libitum (Bio Serve; Frenchtown, NJ, USA) for the duration of the study.
| Tooth extraction and implant placement
Mice had their maxillary left 1st, 2nd and 3rd molars extracted.
After 8 weeks of healing, implant fixtures (1.0 mm long and 0.5 mm in diameter), one per animal, were placed as previously described Pirih, Hiyari, Leung, 2015) . Implant osseointegration was assessed after 4 weeks as previously published Pirih, Hiyari, Leung, 2015) . During the course of tooth extraction, implant placement and implant osseointegration, mice were given oral antibiotics ad libitum as performed previously.
| Induction of peri-implantitis and periodontitis
Following 4 weeks of implant osseointegration, animals were randomly separated into control and experimental (ligature) groups (n ≥ 5/group/time point, n = 85 mice total). To induce PI and PD, 6-0 silk ligatures (P.B.N. Medicals, Stenløse, Denmark) were tied around the head of the implants and the contra lateral right 2nd molars. Control mice did not receive ligatures. PI and PD were evaluated at three time points: 1 week, 1 and 3 months. The resulting groups were as follows for each time point: control (no ligature) teeth, ligature teeth, control (no ligature) implants, and ligature implants. Ligatures were checked weekly and re-tied if the ligature had gotten loose. Furthermore, if the ligature was not present at the termination of the experiment, the sample was removed from analysis. One week and 3 days before sacrifice for the 1-month time point, animals were injected with calcein (Sigma-Aldrich, MO, USA) at a concentration of 25 mg/kg. Following sacrifice, the maxillae were collected and imaged using a digital microscope (VHX-1000; Keyence, Osaka, Japan), fixed for 48 hr in 4% paraformaldehyde and stored in 70% ethanol. Qualitative assessment of soft tissue oedema was performed using Aperio Image Scope V11.1.2.752 (Vista, CA, USA). The healthy non-ligated groups (no ligature teeth and no ligature implants) were used as a baseline for healthy murine oral mucosa. Overt signs of tissue swelling and loss or disruption of maxillary gingival rugae were considered when qualitatively assessing tissue quality.
Clinical Relevance
Scientific rational for the study: Limited animal models are available to compare peri-implantitis (PI) to its parallel condition, periodontitis (PD). This study serves as a foundation for further interrogation of PI and PD pathogenesis.
Furthermore, murine models allow for future genetic dissection of both conditions.
Principal findings: Increased bone levels and soft tissue destruction, specifically increased matrix degradation and proinflammatory mediators, were observed in PI compared to PD.
Practical implications: Differences in immune response and pro-inflammatory pathways between PI and PD could be identified utilizing this model to design better clinical interventions and treatment modalities.
| Microcomputerized tomography analysis
Mouse maxillae were scanned as described Pirih, Hiyari, Leung, 2015) . In brief, maxillae were scanned utilizing microcomputerized tomography (μCT) (Model 1172; SkyScan, Kontich, Belgium) at 10 mm resolution. Linear bone height analysis was performed using DOLPHIN ® software (Navantis, Toronto, CA, USA). Implant samples were oriented so that the shaft and the head of the implant were perpendicular to each other in the coronal and sagittal planes. The teeth were oriented such that the cementoenamel junction ( 
| Histology

| Undecalcified samples
Maxillae from the 1-month time point were embedded in methylemethacrylate Pirih, Hiyari, Leung, 2015) . Sections were ground coronally to a final thickness of ~20 μm (Scientific Solutions LLC, MN) and stained with toluidine blue Pirih, Hiyari, Leung, 2015) . Samples were imaged using an OLYMPUS BX51 microscope using bright field or a FITC filter, respectively (Shinjuku Tokyo, Japan).
| Decalcified samples
For further histological analysis, maxillae were decalcified in 15% ethylenediaminetetraacetic acid (EDTA) for 4 weeks. The implants were unscrewed from the specimens in a counterclockwise fashion.
Specimens were paraffin-embedded, cut into 5-μm-thick slices in the sagittal plane using a microtome (McBain Instruments, Chatsworth, CA, USA) and stained with haematoxylin and eosin (H&E) (Pirih, Hiyari, Leung, 2015) . Additionally, samples from all time points were further stained with tartrate-resistant acid phosphatase (Sigma-Aldrich, MO, USA) to assess osteoclast (OC) numbers (n = 3 mice/group/time point, one histological section was used per mouse). OCs were counted along the alveolar crest on the mesial and distal areas of the implant and second molar. Cells that presented with two or more nuclei and were in contact with the bone were considered OCs, as previously described (Chaichanasakul, Kang, Bezouglaia, Aghaloo, & Tetradis, 2014 and NF-κB+ cells were semiquantitated by counting positive cells in the mesial and distal epithelium directly under the keratinized tissue in teeth and implants. The mesial and distal sites were averaged to create a mean cell count per animal (n = 3 mice for all implants, n = 2 mice for all teeth).
| Statistical analysis
Linear bone height measurements, volumetric bone measurements, normalized OC numbers were averaged for all groups (mean ± standard error of the mean) and compared using a two-way analysis of variance (ANOVA) followed by a Bonferroni post hoc test with a 95% confidence interval. (Prism 5; GraphPad Software, Inc. La Jolla, CA, USA). Significance levels were as follows: p ≤ .05*, p ≤ .01**, p ≤ .001***.
| RESULTS
| Increased soft tissue oedema around periimplantitis compared to periodontitis
Maxillae were visually assessed for soft tissue differences between control and ligature groups for both experimental PI and PD at all time points. Implant and tooth controls from non-ligature-treated groups served as a baseline (healthy tissue). In the control groups, the soft tissues showed the typical clinical presentation observed in healthy murine oral mucosa. However, in the ligature-treated groups, the tissues appeared oedematous (Figure 1) . Moreover, soft tissue oedema was more prominent in the control implants and ligature-induced PI groups as compared to the ligature-induced PD group (Figure 1 ).
| Increased bone loss around peri-implantitis compared to periodontitis
To analyse and compare the bone levels in the different groups, samples were scanned using μCT and linear bone height and circumferential bone height analysis were performed. All comparisons between control groups to their respective ligature groups showed a high level of significance (p < .001, not shown on graphs [ Figure 2c and Figure 3c] ).
One week after ligature placement, there was a significant difference in bone height in the ligature-induced PD group compared to the respective control group. The bone level in the ligature-induced PI group was also significantly decreased as compared to the respective implant control group. There was no statistically significant difference between the ligature-induced PD and the ligature-induced PI groups after 1 week for linear measurements (Figure 2b and 2c) . However, when comparing volumetric bone loss, the ligature-induced PI group showed significantly more bone loss compared to the ligature-induced PD group at the 1-week time point (Figure 3b and c).
At 1 month, there were significantly higher bone levels (indicating more bone loss) in the ligature groups (PD and PI) compared to their respective controls. Additionally, ligature-induced PI showed significantly higher bone levels (0.433 ± 0.016 mm) compared to ligature-induced PD (0.279 ± 0.021 mm) (Figure 2b and c) . Again, volumetrically, the ligature-induced PI group showed significantly higher bone levels compared to the ligature-induced PD group (Figure 3b and c) .
Results at the 3-month time point were similar to the 1-month data assessing linear measurements and volumetric measurements.
The ligature groups showed increased bone levels when compared to non-ligature controls (Figure 2b and c) . Furthermore, the ligatureinduced PI group presented with significantly higher bone levels (0.425 ± 0.014 mm) compared to the ligature-induced PD group (0.337 ± 0.019 mm). Additionally, at the 3-month time point, two implants that were ligature-treated failed (20% of the implants), while no natural teeth were lost. To account for the bone level of the implants that failed, we added another bar to our graph (striped bar). This bar represents the bone level around the ligature-treated implants that survived in addition to the two implants that failed (Figure 2c , striped bar). In the failed implants, the length of the implant was utilized as the measurement of the bone level. Throughout the duration of the experiment, the bone level remained stable in the control groups (implants and teeth) at all time points.
F I G U R E 1 Representative clinical images of control (no ligature)
and experimental (ligature) teeth and implants at 1 week, 1 and 3 months after ligature placement. 20× magnification. Note the increased soft tissue oedema around ligature-treated implants compared to natural teeth
| Increased bone resorption and remodelling around peri-implantitis compared to periodontitis
To assess cellular changes, histological analysis was performed. At all time points, the thickness of the soft tissues was greater on ligature- 
| Increased inflammatory markers around periimplantitis compared to periodontitis
Degradation of the matrix membrane and transcription of proinflammatory cytokines are known to occur in PI and PD (Arabaci et al., 2010; Gupta, Gupta, Gupta, Khan, & Bansal, 2015; Thierbach, Maier, Sorsa, & Mantyla, 2016) . Therefore, the level of MMP-8 and NF-κB, which are expressed in PD, was assessed. In both groups, teeth and implants, the ligature-treated specimens showed more staining of MMP-8 and NF-κB compared to their respective controls ( Figure 6 ). 
| More bone apposition around peri-implantitis compared to periodontitis
To correlate radiographic bone loss changes with histological evaluation, calcein-labelled plastic sections were assessed as a measurement of bone apposition. Examination of natural teeth showed increased fluorescence labelling in the ligature-induced PD group as compared to controls (Figure 7 ). In the implant group, there was increased fluorescence in ligature-induced PI as compared to controls. When comparing implants and teeth, the implant control group presented with more fluorescence compared to control teeth (Figure 7) . Additionally, the bone surface in the ligature-treated implant group had more signs of remodelling, consistent with more active bone resorption compared to ligature-treated teeth. Fransson et al., 2010) . Radiographically, implants with PI presented with ≥0.5 mm bone loss around the implant fixture (Derks et al., 2016a) . Histologically, TNF-α, IL-1α and IL-6 were increased in both PI and chronic PD; however, IL-1α was most prevalent in PI and TNF-α was more prevalent in PD, suggesting differences in pathogenesis between the two conditions (Konttinen et al., 2006) . Despite these identifiable differences between PI and PD onset and progression, there are inherent confounding variables in every patient-centred study design such as oral hygiene habits, smoking status and the presence of other systemic health conditions, which make data heterogeneous and difficult to analyse. This is further complicated by the fact that human studies often have small sample sizes obtained from specific ethnic cohorts. Moreover, human studies do not give a clear timeline of disease development (Fransson et al., 2010) . Therefore, PI animal models play an important role in elucidating the pathophysiology of PI, and considerable information can be gathered by combining both human clinical studies and effective animal models (Abrahamsson, Berglundh, & Lindhe, 1998; Berglundh et al., 1992; Derks et al., 2016a; Marinello et al., 1995) . We elected to utilize a murine model because of the large number of tools available to dissect pathogenic pathways and the ability to genetically manipulate mouse strains to either knockout or overexpress specific genes (Flint & Eskin, 2012; Graves, Fine, Teng, van Dyke, & Hajishengallis, 2008; Mouse Genome Sequencing et al., 2002) . Furthermore, the mouse genome shares significant similarity to humans (~98%), which allows the translation of data back to clinical studies (Attie, Churchill, & Nadeau, 2017) . Together, these tools allow for functional interrogation of specific targets such as genes, cytokines and immune cell populations, which are not achievable in other animal models.
| DISCUSSION
In this study, we employed a mouse model of experimental PI and PD to exploit the advantages of a mouse study design discussed above. We observed significant differences in bone loss patterns in PI and PD. Specifically, we observed a time-dependent increase in bone loss in PI, which by 3 months resulted in 20% implant fixture exfoliation. This pattern was not observed in PD, where bone loss over time arrested itself. Additionally, no natural teeth had exfoliated over the course of ligature-induced disease (Figure 2 ). The differences in bone loss patterns observed between PI and PD corroborates previous bone loss observations in dog studies (Abrahamsson et al., 1998; Carcuac et al., 2013; Lindhe et al., 1992) . In addition to increased bone loss, the PI group presented with increased osteoclasts compared to PD at all time points ( Figure 5 ). The delicate balance between bone formation and bone resorption, through osteoblastic and osteoclastic activity, is critical in the initiation and progression of both PI and PD, and factors leading to differences in the growth and differentiation of these cell types need to be further investigated. One of the main differences in PI and PD is that the environment in which disease occurs F I G U R E 4 Histological evaluation after experimental periodontitis and peri-implantitis development. Representative sagittal H&E images of control and ligature-treated teeth and implants. 20× magnification. Note the increased alveolar bone loss in ligaturetreated implants compared to ligature-treated teeth in PD involves the periodontal ligament (PDL), whereas in PI, the bone is in direct contact with the titanium surface. The PDL, which is a form of specialized connective tissue, is critical for the strong fibrous connection between the tooth root cementum and the adjacent alveolar bone. Additionally, the PDL provides the necessary biological niche for production of immune cells that combat bacterial infections (Basdra & Komposch, 1997; Jonsson, Nebel, Bratthall, & Nilsson, 2011) . The absence of the PDL around implant fixtures may have a significant effect on the susceptibility of implants to bacterial infection virtue of the bone being closer to the bacterial insult, which could account for differences in bone loss rates in PI and PD.
Histologically, we assessed soft tissues changes including the destruction of the collagen matrix via MMP-8 and the production of pro-inflammatory mediators via NF-κB ( Figure 6 ). We observed that control and ligature-treated implants showed increased immunoreactivity of MMP-8 as compared to teeth. MMPs are involved in tissue destructive inflammatory processes, resulting in the breakdown of the membrane matrix and MMP-8 is known to play a role in PD (Izakovicova Holla, Hrdlickova, Vokurka, & Fassmann, 2012; KivelaRajamaki et al., 2003; Teronen et al., 1997; Thierbach et al., 2016) .
MMP-8 as a biomarker for PI has been investigated, and Arakawa et al.
showed that increased MMP-8 was detected in PI sites with ongoing bone loss (Arakawa et al., 2012) . Considering that MMP-8 is expressed
in PI in patients and we observed an increase in MMP-8 in our mouse model of PI highlights the utility and translation of mouse studies back to humans. The increased immunoreactivity of MMP-8 observed in the implant control group, compared to the control tooth group, suggests that implants may present with some natural basal level of inflammation, which may make implants more readily prone to develop an inflammatory reaction compared to natural teeth. In the present study, we observed increased expression of NF-κB in PI compared to PD. NF-κB is responsible for DNA transcription, cytokine production and cell survival, and most importantly, previous studies have shown that patients with chronic PD have increased expression of NF-κB F I G U R E 5 Osteoclastic activity after experimental periodontitis and periimplantitis development. (a, c, e) Tartrateresistant acid phosphatase( TRAP) staining of samples 1 week, 1 and 3 months after ligature placement. (b, d, f) Graphs represent the normalized fold induction compared to controls (control teeth to ligature teeth, control implants to ligature implants) at 1 week, 1 and 3 months. Data normalized to each control, respectively. *p < .05, **p < .01 (n = 3 for all groups/time points) (Arabaci et al., 2010) ; this suggests that data generated from mouse studies can be combined with patient studies to support the pathophysiological differences observed between PI and PD (Berglundh, Zitzmann, & Donati, 2011 between these two models. While the above groups have provided some characterizations of PI at the clinical, radiographic, cellular and molecular levels (Nguyen VO et al., 2017; Tzach-Nahman et al., 2017) , no studies have questioned both PI and PD simultaneously in mice as we have done herein. While the time of onset of chronic PD is not fully understood, it is believed that severe PD occurs after age 20. In contrast, several studies have reported onset of PI to be within 2-3 years after receiving a dental implant, F I G U R E 7 Bone apposition after experimental periodontitis and periimplantitis development. Toluidine blue staining (bright field) and calcein labelling (FITC) of plastic embedded tissues 1 month after induction of peri-implantitis (PI) and periodontitis (PD). Note the increased fluorescence (green staining) in the implant-ligature group compared to teeth. All magnification is at 10× suggesting that PI occurs earlier in relative terms to PD (Derks et al., 2016b) . The ability to compare PI and PD simultaneously would allow for monitoring disease progression in order to better characterize chronological changes and tissue destruction in both conditions.
In conclusion, our data propose a mouse model to compare PI and PD simultaneously. Our results share similarities with human studies that have examined the progression of PI and PD and could serve as a valuable tool in further understanding PI pathogenesis, which could lead to effective clinical treatment protocols.
